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Thus, 2-OH-dATP may induce both transition and transversion mutations during PCR.
In addition, other 2-substituted purine nucleotide analogs, 2-aminopurine-2Ј-deoxyriboside 5Ј-triphosphate (2-NH 2 -dPuTP) and 2-amino-2Ј-deoxyadenosine 5Ј-triphosphate (2-NH 2 -dATP, also known as 2,6-diaminopurine-2Ј-deoxyriboside 5Ј-triphosphate), were examined as control nucleotides. 2-NH 2 -dPuTP is incorporated opposite C and T, and both dCTP and dTTP are inserted in vitro opposite 2-aminopurine in DNA. 9, 10) Thus, 2-NH 2 -dPuTP may induce transition mutations during PCR. In contrast, 2-NH 2 -dATP is incorporated instead of dATP in PCR 11) ; however, its mispairing properties have not been demonstrated.
We now report that 2-OH-dATP induces mutations during PCR with Taq DNA polymerase (Taq pol). The mutation frequency with 2-OH-dATP was three times higher than that with only the unmodified dNTPs, corresponding to one mutation per 550 bp. This mutation rate may be adequate for relatively small genes, encoding a protein or an RNA. The addition of this nucleotide analog induced both transition and transversion mutations, with A:T→G:C, A:T→C:G and G:C→T:A substitutions. On the other hand, the other 2-substituted purine nucleotides, 2-NH 2 -dPuTP and 2-NH 2 -dATP, had no effects. These results indicate that 2-OH-dATP can be used as a "mutation-inducer" during random mutagenesis PCR.
MATERIALS AND METHODS
Materials 2-OH-dATP was prepared by the treatment of dATP with Fe(II)-EDTA-O 2 , and was purified by HPLC as described.
4) 2-NH 2 -dPuTP and 2-NH 2 -dATP were purchased from TriLink BioTechnologies (San Diego, California, U.S.A.). Purified oligonucleotides were from Hokkaido System Science (Sapporo, Japan) and Sigma Genosys Japan (Ishikari, Japan). Plasmid pGST-dNK, containing a glutathione-S-transferase-deoxynucleoside kinase fusion gene, was derived from pGEX-6P-3 (Amersham Biosciences, Piscataway, New Jersey, U.S.A.), and will be reported elsewhere.
PCR The deoxynucleoside kinase gene in the plasmid pGST-dNK (20 pg) was amplified with primers (5Ј-dCTGG-AAGTTCTGTTCCAGG-3Ј and 5Ј-dTCAGTCAGTCACGA-TGCGG-3Ј, 10 pmol each) and 0.8 units of Taq pol, in a buffer (total 20 ml) containing 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 50 mM KCl, 200 mM each of dATP, dGTP, dCTP and dTTP, and with or without a modified nucleotide. The PCR program used was 95°C for 30 s, 53°C for 1 min, and 72°C for 3 min, 30 cycles. One microliter of the first PCR mixture was transferred into a fresh tube as a template, and the same primer set (10 pmol each), the same buffer, and 0.8 units of Taq pol were used in the second PCR (total 20 ml) without a modified nucleotide. The same program, except for the cycle number (10 cycles), was employed in the second PCR.
Mutation Frequency Determination The amplified DNAs obtained after the second PCR were digested by BamHI and SalI, which have recognition sites near the termini of the amplified DNA fragments. The DNAs were then ligated into the plasmid pBR322, which had been pretreated with the aforementioned restriction enzymes, with a Ligation high kit (Toyobo, Osaka, Japan). The ligation mixture was transfected into E. coli DH5a cells by the CaCl 2 method. 12) Colonies were randomly picked from agar plates, and the nucleotide sequences of the amplified region were analyzed by sequencing, using the primers (5Ј-dTGCTCGCTTCG-CTACTTGG-3Ј and 5Ј-dTGCGGCGACGATAGTCATG-3Ј), an ABI BigDye Terminator v3.1 Cycle Sequencing Kit, and an ABI model 377 DNA sequencer (Applera, Norwalk, Connecticut, U.S.A.).
RESULTS AND DISCUSSION
Increased Mutation Frequency by the Addition of 2-OH-dATP The potential of 2-OH-dATP as a "mutation-inducer" was examined by PCR using Taq pol. The modified nucleotide was added to the first PCR mixture in the presence of the four unmodified dNTPs (200 mM each), and the first PCR product, without purification, was used as the template in the second PCR. The amplified DNA fragment after the second PCR was inserted into the pBR322 vector, and the ligated DNA was introduced into E. coli. The plasmid DNAs were isolated from randomly selected colonies and were analyzed by sequencing. The total mutation frequency was calculated as mutations per colony. Dividing the total mutation frequency by the length of the analyzed (735 bp) region afforded the mutation frequency per bp.
When only the unmodified dNTPs (200 mM each) were present in the PCR mixture, the observed mutation frequency was 0.7ϫ10 Ϫ3 /bp (Table 1 ). The mutation frequency increased when 200 mM 2-OH-dATP was present during the PCR. With the addition of 200 mM of 2-OH-dATP, the mutation frequency reached 1.8ϫ10 Ϫ3 /bp. Thus, the mutation frequency during PCR was increased about three-fold by 2-OHdATP. In this case, each E. coli colony contained more than one mutation, on average. On the other hand, the effect of 100 mM 2-OH-dATP was minimal, if any, and the mutation frequency was similar to that without the modified nucleotide. The yield of the first PCR product obtained with 200 mM of 2-OH-dATP was three-fold lower than that without 2-OH-dATP, and the yield of the second PCR product was half as much as that of the control PCR (data not shown). Thus, the addition of 200 mM of 2-OH-dATP could enhance the mutation frequency without severely decreasing the amounts of the PCR products. The presence of 300 mM of 2-OH-dATP resulted in no amplification of DNA (data not shown).
Unexpectedly, however, no increase in the mutation frequency was observed when 2-NH 2 -dPuTP or 2-NH 2 -dATP was added to a final concentration of 200 mM (data not shown).
Mutation Spectrum of 2-OH-dATP
We analyzed the sequences of the amplified region in 15 colonies obtained with the 200 mM 2-OH-dATP experiments. Twenty mutations were detected, and 18 mutations were base substitutions (Table 1) . With the 2-OH-dATP treatment, seven A:T→G:C and one G:C→A:T transitions, and six A:T→C:G and four G:C→T:A transversions were observed in the amplified region of the 15 colonies analyzed. Thus, 2-OH-dATP induced both transitions and transversions. The overall distribution of the mutations induced by 2-OH-dATP is shown in Table 2 . The mutations appeared to be uniformly distributed, and did not form a hotspot. This characteristic of 2-OH-dATP makes it attractive for random mutagenesis applications.
Possible Applications of 2-OH-dATP It is interesting that one nucleotide analog, 2-OH-dATP, elicited both transition and transversion mutations. In contrast, dPTP induces only transition mutations, and 8-OH-dGTP induces an A:T→C:G transversion. Thus, 2-OH-dATP has very unique properties. 2-Hydroxyadenine has the potential to pair with each of the four unmodified bases.
13) The induction of G:C→T:A transversions agrees with the results obtained with 2-OH-dATP, in systems using purified E. coli DNA polymerases or living E. coli. 5, 6) This finding implies that 2-OH-dATP was incorporated opposite G, and then dTTP was inserted opposite the incorporated 2-hydroxyadenine residue during the next round of replication. On the other hand, the induction of A:T→G:C and A:T→C:G mutations agrees with the results obtained with 2-hydroxyadenine in DNA, in systems using purified E. coli DNA polymerases or living E. coli, 2, 3) but not with the previous results obtained with 2-OHdATP. 5, 6) This finding implies that 2-OH-dATP was incorporated opposite T, and then dCTP and dGTP were inserted opposite the incorporated 2-hydroxyadenine residue during the next round of replication.
In this study, we found that the addition of 2-OH-dATP induced both transition and transversion mutations during PCR. This nucleotide caused A:T→G:C transitions, and A:T→C:G and G:C→T:A transversions. Under our conditions, 2-OH-dATP could elicit 1.8 mutations per 1000 bp (one mutation per 550 bp), which could be an adequate mutation rate for random mutagenesis. This unique property of 2- 
